Abstract. Tumor necrosis factor ( T N F )-related apoptosis-inducing ligand (TRAIL) is a member of the TNF superfamily and is an antitumor drug that induces apoptosis in tumor cells with minimal or no effects on normal cells. Here, it is demonstrated that 6-shogaol (6-sho), a bioactive component of ginger, exerted anti-inflammatory and anticancer properties, attenuated tumor cell propagation and induced TRAIL-mediated cell death in liver cancer cells. The current study identified a potential pathway by revealing that TRAIL and 6-sho or chloroquine acted together to trigger reactive oxygen species (ROS) production, to upregulate tumor-suppressor protein 53 (p53) expression and to change the mitochondrial transmembrane potential (MTP). Treatment with N-acetyl-L-cysteine reversed these effects, restoring the MTP and attenuated ROS production and p53 expression. Interestingly, treatment with 6-sho increased p62 and microtubule-associated proteins 1A/1B light chain 3B-II levels, indicating an inhibited autophagy flux. In conclusion, attenuation of 6-sho-induced autophagy flux sensitized cells to TRAIL-induced apoptosis via p53 and ROS, suggesting that the administration of TRAIL in combination with 6-sho may be a suitable therapeutic method for the treatment of TRAIL-resistant Huh7 liver cells.
Introduction
Liver cancer is the third leading cause of cancer-associated mortality worldwide (1) and systemic chemotherapy is the main regimen for patients with late-stage liver cancer (2) . Various chemotherapeutic regimens are currently administered as first-line therapy and drug resistance is a major clinical barrier to a successful treatment and modern chemotherapeutics, including combination chemotherapies, against liver cancer are still needed (3) .
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the TNF family that initiates apoptosis via interaction with death receptors (4) . This interaction promotes death-inducing signaling complex formation and caspase-8 activation, which in turn induce apoptosis (5) . Interestingly, TRAIL is confirmed as a safe and efficient anticancer therapeutic agent that targets cancer cells (6) . However, various cancer cells are resistant to TRAIL (7) and underlying pathways of TRAIL-resistance are associated with death receptors downregulation (8, 9) and upregulation of decoy receptors (10) . Therefore, the use of TRAIL sensitizers is a mechanism towards overcoming TRAIL-resistance.
6-Shogaol (6-sho) is a bioactive component in ginger that has been widely used in traditional Chinese medicine (11, 12) . Additionally, 6-sho has pharmacologic properties, including anti-inflammatory, anticancer and antioxidant activities (13, 14) . Previous studies revealed that 6-sho initiates apoptosis in leukemia cells and liver, lung and colorectal cancer cells (15) (16) (17) (18) (19) . Molecular pathways describing anticancer properties of 6-sho frequently include the activation of caspases.
Autophagy is a cellular catabolic degradation system that promotes the autophagosomal-lysosomal deterioration of cytosolic proteins and other cellular components (20) . The first step in autophagy is the induction of vesicle nucleation, followed by the formation of autophagosome. The second step is a docking and fusion mechanism, in which the autophagolysosome is constructed by the fusion of the autophagosome and lysosomes and finally, the autophagolysosome is degraded into metabolic fuel by acid-containing enzymes (21) . Under cellular stress, cell death can be induced by autophagy (22) (23) (24) . In addition, autophagy inhibitors, including chloroquine (CQ), have been used in combination with various chemotherapeutic drugs and have been confirmed to sensitize tumor cells to apoptosis (25) .
The tumor-suppressor protein 53 (p53) serves a vital role in the cellular response to DNA damage and in the protection of the genome from mutations (26) . Previous studies have established a major role of p53 in the regulation of DNA repair, cell cycle arrest, apoptosis, senescence and autophagy (27) (28) (29) . Several studies have revealed increased reactive oxygen species (ROS) production in cancer cells, which can be induced by various drugs (30) and increased ROS levels are responsible for cell death in various cancer cells (31) .
The current study aimed to elucidate the function of 6-sho as a sensitizing agent for TRAIL-induced apoptosis in Huh7 liver cancer cells. It was revealed that a combined regimen of 6-shol and TRAIL had a superior outcome compared with single treatment using 6-sho or TRAIL.
Materials and methods
Cell culture. Human liver cancer cells (Huh7, Hep3B and HepG2) were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Cells were cultured at 37˚C with 5% CO 2 in humidified incubator.
Reagents. 6-sho was acquired from Cayman Chemical Company (Ann Arbor, MI, USA). TRAIL (200 ng/ml) was acquired from AbFrontier Co., Ltd. (Seoul, South Korea). CQ diphosphate and N-acetyl-L-cysteine (NAC) were purchased from Sigma-Aldrich (Merck KGaA). CQ was dissolved in water to give a 10 mM stock solution and aqueous NAC (10 mM) was prepared and added to cells 1 h at 37˚C prior to treatment with TRAIL and 6-sho or CQ.
Cell viability assay. Huh7, HepG2 and Hep3B cells were seeded at 1.0x10 4 cells/well in 12-well plates, pre-exposed to 6-sho (20 µM) for 18 h at 37˚C and were then treated with TRAIL (200 ng/ml) for 2 h at 37˚C. Cell morphology was assessed in Huh7 and Hep3B cells under an inverted microscope (magnification, x100) and cell viability was evaluated using crystal violet staining in Huh7 and HepG2 cells as previously described (32) .
Trypan blue exclusion assay. Cell viability was evaluated by trypan blue exclusion assay (Sigma-Aldrich; Merck KGaA) using a hemocytometer in Huh7 and Hep3B cells. Following each treatment, cells were then trypsinized and re-suspended in PBS. Trypan blue dye solution (0.4%) was added to the cell suspension for 5 min at room temperature. Unstained cells were viable and stained cells were dead. The total cell number and the number of trypan blue-positive cells were counted using a light microscope (magnification, x100) in a blinded manner. The percentage of surviving cells was calculated using the formula. Number of stained cells/number of total cells x100. Each experiments was performed in triplicate.
Immunofluorescent staining. Huh7 cells were cultured on poly-L-lysine coated coverslips (Sigma-Aldrich; Merck KGaA). Following differentiation and treatments, cells were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.1% Triton X-100 for 5 min at room temperature. Cells were then incubated for 60 min at room temperature with blocking solution (5% FBS in Tris-buffered saline) followed by overnight incubation at 4˚C with anti-p62 (1:250; cat. no. PA5-20839; Invitrogen; Thermo Fisher Scientific, Inc.) and anti-p53 (1:250; cat. no. 9286; Cell Signaling Technology, Inc., Danvers, MA, USA) antibodies. Following washing with PBS, cells were incubated with fluorescence-labeled secondary antibodies (Alexa Fluor ® 488-conjugated donkey polyclonal anti-rabbit; 1:500; cat. no. A-21206; and Texas Red-X-conjugated goat polyclonal anti-mouse; 1:500; cat. no. T-6390; both Thermo Fisher Scientific, Inc.) for 2 h at room temperature in the dark. In addition, DAPI (1:1,000; cat. no. D9564; Sigma-Aldrich; Merck KGaA) was used to non-specifically stain the nuclei and samples were incubated with 50 µl DAPI for 10 min at room temperature. Immunostaining was visualized under a fluorescence microscope (magnification, x400).
ROS determination. ROS formation was determined using the cell permeable fluorescent marker dihydroethidium (DHE). Briefly, following treatment, Huh7 cells (1.0x10 4 cells) were treated with 5 µM DHE (Invitrogen; Thermo Fisher Scientific, Inc.) for 30 min at room temperature in the dark. Fluorescence was observed using a fluorescence plate reader at excitation and emission wavelengths of 518 and 605 nm, respectively.
Transmission electron microscopy (TEM) analysis.
Following fixation of Huh7 cells in 2% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) and 2% paraformaldehyde (EMS, USA) in 0.05 M sodium cacodylate (pH 7.2; Electron Microscopy Sciences) for 2 h at 4˚C, specimens were fixed in 1% osmium tetroxide (Electron Microscopy Sciences) for 1 h at 4˚C, dehydrated with increasing ethanol (25, 50, 70, 90 and 100%) for 5 min each at 4˚C and embedded in epoxy resin (Embed 812; Electron Microscopy Sciences) for 48 h at 60˚C according to the manufacturers' instructions. Ultrathin sections (60 nm) were prepared using an LKB-III ultratome (Leica Microsystems GmbH, Wetzlar, Germany) and were stained with 0.5% uranyl acetate (Electron Microscopy Sciences) for 20 min and 0.1% lead citrate (Electron Microscopy Sciences) for 7 min at room temperature. Images were recorded on a Hitachi H7650 electron microscope (magnification, x10,000; Hitachi, Ltd., Tokyo, Japan) installed at the Center for University-Wide Research Facilities (CURF) at Chonbuk National University.
Mitochondrial transmembrane potential (MTP) analysis.
Changes in MTP were assessed using the cationic fluorescent marker, JC-1. Huh7 cells (2.0x10 4 ) were maintained on cover slips in a 24-well plate, incubated with 10 µM JC-1 (Molecular Probes; Thermo Fisher Scientific, Inc.) at 37˚C for 30 min and washed with PBS. Cells were mounted with DakoCytomation fluorescent mounting medium (cat. no. S3023; Dako; Agilent Technologies GmbH, Waldbronn, Germany) and analyzed at 485 nm for excitation and at 530 nm for emission using a fluorescence microscope (magnification, x400).
Western blot assay. Immunoblotting was performed as described previously (33) . Briefly, radioimmunoprecipitation assay buffer (Qiagen, Inc., Valencia, CA, USA) was used to extract total proteins from Huh7 cells. The supernatant was collected by centrifugation (13,282 x g; 4˚C; 10 min). The protein concentration was determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). Proteins (30 µg) were separated on 10% SDS-PAGE gels and blotted onto polyvinylidene fluoride membranes. Membranes were blocked with 5% non-fat dried milk at 25˚C for 1 h, followed by incubation with primary antibodies overnight at 4˚C. The β-actin antibody was from Sigma-Aldrich (cat. no. A2228; 1:2,000, Merck KGaA, Darmstadt, Germany), antibodies against microtubule-associated proteins 1A/1B light chain 3B (LC3)-I/II (cat. no. 3868; 1:1,000), cleaved caspase-3 (cas3; cat. no. 9661; 1:500) and p62 (cat. no. 5114; 1:1,000) were from Cell Signaling Technology, Inc., the p53 (cat. no. sc-6243; 1:1,000) antibody was from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA) and the caspase-8 (cas8; cat. no. 551242; 1:1,000) antibody was from BD Biosciences (Franklin Lakes, NJ, USA). Membranes were incubated with horseradish peroxidase-conjugated secondary antibody (cat. no. 4410; 1:2,000; Cell Signaling Technology, Inc.) at 25˚C for 1 h. The immune-reactive protein bands were visualized using an enhanced chemiluminescence detection system (GE Healthcare Life Sciences, Chalfont, UK).
Statistical analysis. Statistical analyses were performed using GraphPad Prism (version 5.03; GraphPad Software, Inc., La Jolla, CA, USA). All experiments were performed in triplicate and data are presented as the mean ± standard error. Significant differences between control and treated samples were analyzed using one-way analysis of variance followed by Duncan's post-hoc test or Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

6-Sho sensitizes liver cancer cells to TRAIL-induced apoptosis.
Changes in cell morphology were determined using a light microscope. Treatment with 6-sho or TRAIL alone only affected cell death minimally and no morphological changes were observed in TRAIL-treated cells compared to untreated cells (Fig. 1) . However, combined treatment of TRAIL and 6-sho at varying concentrations markedly increased cell death compared with 6-sho or TRAIL alone (Fig. 1) . Cell morphology (Fig. 1A and E) and trypan blue exclusion assays (Fig. 1D and F) with Huh7 and Hep3B, and crystal violet assays (Fig. 1B and G) and mean density of crystal violet assay data ( Fig. 1C and H) for Huh7 and Hep-G2 suggested that combined treatment with TRAIL and 6-sho upregulated cell death compared with the single treatments. The data indicated that 6-sho pretreatment sensitized liver cancer cells to TRAIL-induced apoptosis.
Autophagy flux is induced by 6-sho in Huh7 cells. LC3-II
and p62 expressions increased following 6-sho treatments in a dose-dependent manner ( Fig. 2A) . Immunofluorescent staining further demonstrated that 6-sho increased p62 levels dependent on the dose (Fig. 2B) . TEM analysis revealed increased autophagy and empty vacuoles in the untreated control compared with 6-sho-treated cells (Fig. 2C ). Combined treatment with TRAIL and 6-sho increased the cleaved cas8 and cleaved cas3 levels compared with the untreated or single treatments (Fig. 2D) .
6-Sho enhances TRAIL-induced cell death by attenuating autophagy flux.
Cell morphology indicated increased cell death through treatment with TRAIL and 6-sho (20 µM) or CQ (20 µM) (Fig. 3A) . Combined treatment regimen using CQ and TRAIL markedly increased cell death (Fig. 3B ) and significantly decreased cell viability compared with the untreated and the single treatment groups (Fig. 3C and D) . The findings suggested that 6-sho sensitized cells to TRAIL-induced cell death by attenuating autophagy flux.
6-Sho enhances the TRAIL-induced apoptotic pathway by
attenuating autophagy flux. LC3-II and p62 expression levels were markedly increased in Huh7 cells treated with 6-sho or CQ compared with untreated cells. This confirmed that 6-sho inhibited autophagy flux and observed effects were enhanced with CQ treatment (Fig. 4A) . Immunofluorescent staining demonstrated enhanced p62 protein levels in the 6-sho and CQ treated cells compared to the untreated cells (Fig. 4B) . Combined treatment regimen with TRAIL and CQ or 6-sho increased cleaved cas3 and cleaved cas8 protein levels (Fig. 4C) .
6-Sho enhances TRAIL-mediated p53 expression. 6-Sho treatment increased p53 expression in Huh7 cells in a dose-dependent manner (Fig. 5A) ; immunofluorescent staining further confirmed these findings (Fig. 5B) . p53 levels were increased in cells treated with TRAIL combined with 6-sho or CQ compared with the TRAIL or CQ single treatment (Fig. 5C ). The increase in p53 expression was attenuated when the cells were preincubated with N-acetyl-L-cysteine (NAC) for 1 h prior to treatment with TRAIL and 6-sho or CQ (Fig. 5D ).
Attenuation of autophagy stimulates ROS production and changes in the MTP. In Fig. 6A , it was demonstrated that ROS levels were significantly increased in Huh7 cells treated with TRAIL combined with 6-sho or CQ compared to the TRAIL single treatment (P<0.01) and this increase was reversed in cells pretreated with NAC prior to TRAIL and 6-sho or CQ (Fig. 6B) . Yellow-orange fluorescence indicated correct potential of the intracellular mitochondrial membrane (80-100 mV) from the polarized mitochondria. The findings suggested that 6-sho-induced autophagy flux attenuation enhanced TRAIL-induced apoptosis via ROS production and MTP reduction.
Discussion
TRAIL is a member of the TNF superfamily, first discovered in the 1990s (34, 35) and is regarded as a selective antitumor drug inducing apoptosis in tumor cells with minimal effects on healthy cells (36) . TRAIL has gained increasing attention due to its therapeutic role as a tumor cell-specific apoptosis inducer (37). 6-Sho has multiple anticancer effects, including attenuation of proliferation and invasion, and initiation of cell death (38) . Autophagy is a highly conserved catabolic pathway exhibiting decreased levels of proteins and organelles that enhance survival and it occurs in physiological and pathological situations (39) . Activation of several autophagy-associated genes, including LC3, phosphatidylinositol-4,5-bisphosphate 3-kinase, p62 and beclin (40) (41) (42) , induces autophagosome formation. p53 induces cell death by promoting apoptosis moderators (43) . ROS is associated with cell death, and promotes apoptosis and autophagy through various signaling mechanisms (44) (45) (46) .
Studies have demonstrated that liver cancer cells are resistant to TRAIL-induced apoptosis (47, 48) . In the present study, Huh7 cells were used in all experiments, while HepG2 and Hep3B we cells were used in cell viability assay. This study was demonstrated that a combined regimen of 6-sho and TRAIL caused a marked induction of cell death in liver cancer cells compared with the single treatments. The main focus of the current study was on autophagy and caspase signaling, including caspase-8 and caspase-3. Combined treatment of 6-sho and TRAIL upregulated cleaved cas3 and cleaved cas8 compared with single treatments mediating autophagy. Further caspases, including caspase-9, may serve pivotal roles in 6-sho-mediated TRAIL activity and further investigations are required regarding mitochondrial pathways, including cytochrome c, MTP and the activation of caspase-9. Previously, 6-sho was reported to initiate cell cycle arrest and autophagy in A549 cells (49) . The present findings confirmed that LC3-II and p62 expression increased following 6-sho treatments. It was further observed that a combined regimen of TRAIL and 6-sho or CQ attenuated cell viability and increased cell death compared with single treatment regiments. Previously, it has been reported that p53 is a mediator for CQ-induced apoptotic initiation in cancer cells (50) . The present findings confirmed that TRAIL combined with 6-sho or CQ increased p53 expression compared with single treatment groups. Previous evidence revealed that CQ augments dysfunctional mitochondria and ROS production in prostate cancer cells (51) . The present findings suggested that treatment of 6-sho enhanced TRAIL-mediated apoptosis via ROS production and MTP reduction.
In conclusion, treatment with 6-sho and TRAIL induced apoptosis via p53 and ROS, suggesting that the administration of TRAIL in combination with 6-sho is a suitable therapeutic treatment of TRAIL-resistant Huh7 liver cells.
Acknowledgments
Not applicable.
Funding
The present study was supported by the National Research Foundation of Korea (grant no. 2016R1A2B2009293).
Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.
Authors' contributions
UMDN and S-YP designed the study. UMDN performed the experiments. UMDN and S-YP analyzed the data and prepared the manuscript. All authors reviewed the results and approved the final version of the manuscript.
Ethics approval and consent to participate
Patient consent for publication
